To gain insight into carbapenem specificity of L,D-transpeptidases (Ldts), we solved the nuclear magnetic resonance (NMR) structures of apo and imipenem-acylated Bacillus subtilis Ldt and show that the cysteine nucleophile is present as a neutral imidazole-sulfhydryl pair in the substrate-free enzyme. NMR relaxation dispersion does not reveal any preexisting conformational exchange in the apoenzyme, and change in flexibility is not observed upon noncovalent binding of b-lactams (K D > 37.5 mM). In contrast, covalent modification of active cysteine by both carbapenems and 2-nitro-5-thiobenzoate induces backbone flexibility that does not result from disruption of the imidazole-sulfhydryl proton interaction or steric hindrance. The chemical step of the reaction determines enzyme specificity since no differences in drug affinity were observed.
INTRODUCTION
Antibiotics of the b-lactam family have been extensively used to treat bacterial infections in the past 70 years since these broadspectrum antibiotics combine excellent bioavailability and limited toxicity. b-lactams inhibit the last polymerization step of peptidoglycan, a giant macromolecule of approximately 10 9 -10 10 Da, which surrounds the cytoplasmic membrane and acts as a stress-bearing layer to protect the bacterium from the osmotic pressure of the cytoplasm (Vollmer and Seligman, 2010) . This essential role of peptidoglycan is conferred by a net-like structure consisting of glycan strands crosslinked by the formation of amide bonds between short stem peptides. Since b-lactams are structural analogs of the D-Ala-D-Ala extremity of stem peptides (Tipper and Strominger, 1965 ; Figure 1A ), the antibiotics act as suicide substrates of the D,D-transpeptidases that catalyze the essential crosslinking step of peptidoglycan synthesis (Zapun et al., 2008 ; Figure 1B ). Until recently, D,D-transpeptidases, which are highly conserved in the entire bacterial kingdom, were considered as the lone essential target of b-lactam antibiotics. We have recently shown that antibiotics belonging to a particular class of b-lactams, the carbapenems ( Figure 1D ), inactivate a second class of crosslinking enzymes, the L,D-transpeptidases (Mainardi et al., 2005) , that bypass the classical D,D-transpeptidases by forming unusual peptidoglycan crosslinks (Mainardi et al., 2000; Figures 1B and 1C) . Transpeptidases with D,D-and L,D-specificities are structurally unrelated and harbor different catalytic nucleophiles in the form of invariant Ser (Sauvage et al., 2008) and Cys (Biarrotte-Sorin et al., 2006) residues that are acylated by all b-lactams (Pratt, 2008) or by carbapenems only , respectively. Genes encoding L,D-transpeptidases are sporadically distributed in bacteria and these enzymes generally have marginal and unessential roles in peptidoglycan synthesis (Magnet et al., 2007) except in a few Gram-positive bacteria , including Mycobacterium tuberculosis (Lavollay et al., 2008) , the agent of tuberculosis, M. abscessus (Lavollay et al., 2011) , a related human pathogen, and Clostridium difficile (Peltier et al., 2011) , responsible for intestinal diseases associated with antibiotic therapy. In M. tuberculosis, L,D-transpeptidation is the predominant (80%) mode of peptidoglycan crosslinking (Lavollay et al., 2008) . The five L,D-transpeptidase paralogs of this bacterium (Gupta et al., 2010) include enzymes essential for virulence, as well as those that are the likely targets of carbapenems (Lavollay et al., 2008;  Figure 1D ), which are currently being investigated as therapeutic alternatives in the treatment of extensively drugresistant tuberculosis (Hugonnet et al., 2009) .
Bypass of the classical D,D-transpeptidases was detected for the first time in mutants of Enterococcus faecium that had acquired high-level resistance to the b-lactam ampicillin in vitro ( Figure 1D ) and relied exclusively on an L,D-transpeptidase, Ldt fm , for peptidoglycan crosslinking (Mainardi et al., 2005) . Inactivation of Ldt fm by carbapenems was unexpected since b-lactams are thought to be structural analogs of the D-Ala-D-Ala extremity of peptidoglycan stem pentapeptides (Tipper and Strominger, 1965) , a structural motif that is absent from their substrate, as these enzymes cleave the preceding L-D peptide bond of a stem tetrapeptide .
The crystal structures of two related L,D-transpeptidases have been determined, Ldt fm from E. faecium (Biarrotte-Sorin et al., 2006) and Ldt Bs from Bacillus subtilis (Bielnicki et al., 2006) , but these structures failed to further our understanding of the mechanism of inactivation of L,D-transpeptidases by carbapenems since the active site of the crystallized form of the enzymes was artifactually occupied by a divalent cation (Cd 2+ or Zn 2+ ) and a bulky anion (SO 4 2-), which modified the position of catalytic residues. In addition, covalent adducts resulting from acylation of the active site Cys residue of Ldt fm did not lead to crystals that could be exploited for collection of high-resolution diffraction data (unpublished results). Liquid-state NMR has therefore been used here to gain insight into the interaction of L,D-transpeptidases with b-lactams. We solved the solution structure of two biologically relevant forms of Ldt Bs , the apoenzyme and the acylenzyme resulting from the nucleophilic attack of the imipenem b-lactam carbonyl by the catalytic cysteine. The enzyme proton shuttle mechanism has been investigated by defining the hydrogen-bonding and ionization (pKa) states of the Cys-His-Gly catalytic triad in the apoenzyme. Ldt Bs acylation by imipenem induces conformational dynamics in the active site in the millisecond regime. Since the noncovalent interaction of Ldt Bs with both penams and carbapenems exhibits similar low affinities, we propose a modified induced-fit mechanism for enzyme acylation in which carbapenems specificity is defined at the chemical step of the reaction.
RESULTS

NMR Structure of Ldt Bs
The structure of B. subtilis L,D-transpeptidase (Ldt Bs ) fused to a C-terminal hexahistidine affinity tag (Figure 2 ) was determined using multidimensional NMR spectroscopy in solution, at 25 C, in a buffer containing 12.5 mM MES and 150 mM NaCl (pH 6.5) (see Figure S1 available online for the [ 1 H, 15 N-HSQC] spectrum).
Distance restraints (3, 191) derived from nuclear Overhauser effect (NOE), 143 dihedral constraints derived from chemicalshift data, and 169 angular restraints derived from residual dipolar couplings (RDCs) were introduced in the final structure calculation protocol, as well as the experimentally determined protonation states of active-site residues (see below). The rmsds, calculated for the 20 lowest energy structures with respect to the average structure, were 0.31 Å for backbone 
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Ceftriaxone (cephalosporin) atoms and 0.70 Å for all heavy atoms. These results, together with the structural statistics reported in Table 1 , show that the structure is extremely well defined. Ldt Bs comprises two domains, an N-terminal LysM peptidoglycan-binding domain, from residues 1 to 54, and a C-terminal catalytic domain (Pfam accession number PF03734), from residues 55 to 169 (Figure 2 ). The NMR structure and the previously published X-ray crystal structure (Protein Data Bank [PDB] accession number 1Y7M) (Bielnicki et al., 2006) of Ldt Bs are similar with rmsds of 0.85 and 0.83 Å for all heavy atoms in the LysM and catalytic domains, respectively. The relative orientation of the two domains differed in the NMR and X-ray structures by a rotation of approximately 10 . In the LysM domain, significant differences between the NMR and X-ray structures were only detected within helices a2 and a3 (residues 29-37). The distortion of helix a2 in the X-ray structure and subsequent sliding of the backbone was attributed to crystal packing due to close intermolecular contacts involving Thr26 and Gln21. In the catalytic domain, the loops located between strands b7 and b8 (residues 107-111) and between strands b8 and b9 (residues 120-124) showed modest structural backbone reorganization in solution. While the former differences were attributed to crystal packing, the latter were related to the K120A and Q121A substitutions designed for Ldt Bs crystallization (Bielnicki et al., 2006) . More significant differences between the NMR and X-ray structures were localized between strands b6 and b7 (residues 88-94) and in the loop preceding catalytic Cys142 (residues 137-142). These differences were attributed to the presence of a cadmium cation and a sulfate anion in the catalytic cavity of the crystal form of Ldt Bs . The Cd 2+ ion was coordinated to the sulfate anion, to Cys142 and His126 of one subunit of a noncrystallographic dimer, and to His122 from the opposite subunit. These interactions were responsible for protein dimerization since size exclusion chromatography revealed a monomer in solution (Bielnicki et al., 2006) . The monomeric state of Ldt Bs was confirmed by 15 N relaxation measurements. In fact the correlation time t c = 10.4 ns calculated with TENSOR2 (Dosset et al., 2000) from relaxation data (Table S1) is consistent with the 10.6 ns predicted value computed with HYDRONMR (García de la Torre et al., 2000) based on the monomeric NMR structure. The implications of these conformational changes on the catalytic mechanism of the enzyme are discussed below.
Ldt Bs Active Site Contains a pH-Independent Cys-His-Gly Catalytic Triad A metallic ion was present in the active sites of the crystal forms of the two L,D-transpeptidases that have been analyzed by X-ray crystallography, namely Cd 2+ in the B. subtilis enzyme (Ldt Bs ) (Bielnicki et al., 2006) (C) Overlay of the amino acid sequence and NMR (top) as well as X-ray (bottom) secondary structure elements. Catalytic Cys142 is highlighted in red and the C-terminal histidine tag is omitted. Numbering of the amino acids in the X-ray structure was shifted by +3 to match the NMR sequence numbering. See also Figure S1 . N-HSQC] spectrum, offering an opportunity to observe the proposed reorientation of the active site residues. In order to gain insight into the mechanism of activation of Cys142, the protonation states of histidines were determined prior to structure calculation. Assignment and chemical shift analyses of 1 H, 13 C, and 15 N nuclei of the four histidine residues of Ldt Bs were performed with specific emphasis on the Nd1 and Nε2 aromatic nuclei ( Figure 3 ; Day et al., 2003; Pelton et al., 1993) . These experiments revealed that His60, His122, and His146 existed at pH 6.5 as a mixture of three species in fast exchange at the NMR timescale (Table  S2) . On the contrary, His126 existed only as the Nd1-H neutral tautomer, which is uncommon except for histidine residues participating in intramolecular (Pelton et al., 1993) or intermolecular (Li and Hong, 2011) hydrogen-bond networks. In order to determine the pKa of the four Ldt Bs histidines, chemical shifts of 1 H, 13 C, and 15 N nuclei in the imidazole rings and at the b-position were collected as a function of pH ( Figures  4A and 4B ). The chemical-shift pH dependence of nine nuclei per histidine was fitted simultaneously with a single pKa value ( Figure S2 and Table S2 ). Strikingly, resonances of His126 showed no significant shift over pH values ranging from 3.6 to 10.0, indicating that neutral Nd1-H was the predominant tautomer of His126 over the entire pH range. This observation implies a pKa lower than 3.1 for His126, which stands 3.5 units below the average value for histidine residues in the literature (Grimsley et al., 2009) . Only scarce examples with extremely low pKa values for histidines have been reported in diamagnetic proteins (Yu and Fesik, 1994; Plesniak et al., 1996) . Chemical shifts over the 3.6-10 pH range were also collected for the Cb of Cys142 ( Figures 4A and 4B ). The chemical shifts were constant and consistent (26.0 ppm) with a sulfhydryl group (Chivers et al., 1997) over the entire pH range. These results indicate that the protonation state of Cys142 remains stable and imply a pKa outside of the explored range (below 3.1 or above 10.5). The pKa of Cys142 was first considered to be larger than 10.5. Chemical topology of histidines and Cys142 was introduced in the structure calculation in the absence of any explicit hydrogen-bond constraint. Statistics over the ten lowest-energy NMR structures establish distances of 2.57 ± 0.02 Å between Gly127-O and His126-Nd1 and of 3.23 ± 0.05 Å between His126-Nε2 and Cys142-Sg with a nearly optimal Sg-Hg-Nε2 angle of 166.9 ± 4.9 . These results precisely define the topology of a hydrogen-bond network centered on His126 ( Figure 4C ). Its hydrogen-bond donor capacity toward Gly127 is comforted experimentally by the detection of His126 Hd1, which is protected from water exchange. It is balanced by a hydrogenbond acceptor capacity at the ε2 site, which yields to a decreased pKa for the buried His126. In this geometry, the hydrogen-bond donor capacity of Cys142 is consistent with a pKa above the reported average 6.8 ± 2.7 value (Grimsley et al., 2009 ). The alternative hypothesis for Cys142 pKa (<3.1) failed to offer a consistent explanation for the unusual low pKa of His126. Thus, experimental data and structure calculation converge to define a catalytic triad and hydrogen-bond network involving a thiol-imidazole pair, which is predicted to be highly stable over a wide range of pH (3.6-10.0).
Noncovalent Interaction of Imipenem with a Derivative of Ldt Bs
Interaction of Ldt Bs with b-lactams is expected to involve three steps including formation of a noncovalent complex between the enzyme and the drug, formation of a thioester bond with the catalytic cysteine, and, finally, hydrolysis of the resulting acylenzyme to form native Ldt Bs and inactive drug ( Figure 5 ). In order to investigate the first step of the reaction, the catalytic Cys 
Pairwise rmsd was calculated among 20 refined structures in water. Figure S1 ). Since minor effects were only seen in residues surrounding position 142, the substitution did not modify the conformation of the protein.
NMR chemical shift perturbation experiments were performed by incubating Ldt Bs C142A with increasing concentrations of imipenem to observe the formation of the noncovalent complex (E.I, Figure 5A ). A fast exchange regime was detected between the apoenzyme and the complex. The [ 1 H, 15 N]-chemical shift perturbations increased with the concentration of imipenem up to the highest drug concentration that could be tested (37.5 mM) ( Figure S3 ). The absence of saturation of Ldt Bs by imipenem indicates that Ldt Bs C142A displays low affinity for imipenem and provides an estimate of the minimum value of the dissociation constant for the noncovalent complex (K D > 37 mM) ( Figure S4A ). The residues that were affected by drug binding were mostly located at the surface of the protein in the vicinity of catalytic Cys142 ( Figure 5B and Figure S3 ). Thus, imipenem specifically bound with a low affinity to the catalytic pocket of Ldt Bs C142A in the absence of enzyme acylation.
Kinetic analyses of wild-type Ldt Bs acylation by stopped-flow spectrophotometry ( Figure S4B ) revealed that the pseudo first order rate constant of the acylation reaction was proportional to the concentration of imipenem in the range of drug concentration (0-400 mM) that was experimentally accessible using this technique. Thus, saturation of the wild-type enzyme was not Table S2 .
observed in kinetic analyses indicating that the low affinity of Ldt Bs C142A for imipenem deduced from NMR experiments (above) was not merely the consequence of the substitution introduced into the active site to block acylation of Ldt Bs by the drug. Although kinetic and NMR analyses explore different ranges of ligand concentration (up to 0.4 and 37.5 mM, respectively) and provide different evaluations of the binding step (K app and K D , respectively), both approaches suggest that the affinity of Ldt Bs for imipenem is at best in the millimolar range. Since Ldt Bs does not form covalent adducts with ampicillin, formation of a noncovalent complex involving the wild-type enzyme was tested with this b-lactam. Ldt Bs C142A was included in this analysis for comparison ( Figures S3 and S4A) . NMR chemical shift perturbation experiments revealed a fast exchange regime between the apoenzymes and the complexes. The residues affected by ampicillin in Ldt Bs C142A and Ldt Bs were similar to those affected by imipenem in Ldt Bs C142A. Binding of ampicillin to both forms of the enzyme occurred with similar low affinities (K D R 100 mM), which could not be precisely determined since they were in the order of the solubility of the drug. Together, these results indicate that imipenem and ampicillin bind with similar low affinities to the L,D-transpeptidase.
Acylation by Imipenem Induces a Structural Rearrangement of Ldt Bs
Ldt Bs was incubated with imipenem in a one-to-one molar ratio and multidimensional NMR spectroscopy was performed in the conditions previously used for the apoenzyme. The acylenzyme formed within a minute and remained stable for at least five days. Comparison of [ 1 H, 15 N]-HSQC spectra of the two forms of the enzyme showed significant differences that revealed structural rearrangement of the enzyme upon acylation ( Figure S5 ). The neutral Nd1-H tautomer remained the only acido-basic form of catalytic His126 at pH 6.5 ( Figure 3B ). While the pKa of this residue could not be determined in the acylenzyme, the neutral Nd1-H tautomer appears less stable than in the apoenzyme, as none of the side-chain correlations could be detected at pH 5.5. The structure of the acylenzyme at pH 6.5 with an explicitly modified imipenem-bound cysteine residue ( Figure 6 ) was calculated using 2,532 unambiguous distance restraints derived from NOE, 128 dihedral constraints derived from chemical-shift data, and 123 angular restraints derived from residual dipolar couplings (Table 1 ). The rmsd calculated for the 20 lowest energy structures with respect to the average structure was 0.61 Å for heavy atoms of residues participating in a helices and b sheets. These results indicate that the secondary structure elements of HSQC spectra of the apo-and the acylenzyme revealed that the intensity of some of the resonances in the catalytic domain of Ldt Bs were decreased, down to extinction in some cases ( Figures 7A and 7B ). Resonances that disappeared or decreased in intensity were mostly located in the vicinity of the catalytic cysteine in three regions of the protein, which comprised residues 84-97 (region 1), 119-126 (region 2), and 136-148 (region 3). A unique structure could not be defined for these regions, which account for the significant increase in the rmsd value for the acylenzyme (1.52 Å , Figures 6B and 6D ) relative to the apoenzyme (0.70 Å , Figures 6A and 6C ). In the 20 lowest-energy calculated structures, the bound imipenem ligand samples a wide range of orientations, consistent with its exposure to the solvent and local dynamics.
Flexibility Is Induced by Acylation of Ldt Bs by Imipenem
15 N relaxation NMR experiments (Farrow et al., 1994; Mittermaier and Kay, 2009 ) were performed to compare the dynamical properties of the apo-and acylenzymes. The backbone of the apo form of Ldt Bs was rigid, with an average heteronuclear Overhauser effect (hetNOE) value of 0.80 ± 0.02 for all regions except the termini (residues 1-5 and 164-169) and two loops (residues 35-41 and 107-110). Both forms of Ldt Bs gave similar R 1 and R 2 relaxation rate constants and overall hetNOE values (Table S1 ). The main difference between the apo form and the acylenzyme was a decrease in the intensity of resonances in regions 1-3, as described above. This decrease was likely to result from increased conformational exchange in the millisecond timescale. To further investigate this conformational exchange and to gain access to the timescales of the motion, relaxation-dispersion experiments were performed to evidence dynamics at the micro-to millisecond timescales. Transverse relaxation rate constants (R 2 ) were measured for different repetition numbers of Carr-Purcell-Meiboom-Gill (CPMG) pulse schemes (Wang et al., 2001 ). This approach did not reveal any conformational exchange in the apoenzyme confirming the rigidity of this form. In the acylenzyme, conformational exchange was detected for residues 84, 85, 121, 126, 141, and 146 ( Figure 7 and Figure S6 ). Simple two-site exchange fitting procedures (see Experimental Procedures) gave exchange rate constants of 2.0 ± 1.0, 2.3 ± 0.2, and 2.2 ± 0.2 ms À1 for residues in, or in the immediate proximity of, region 1 (Ile84 and Ala85), region 2 (His126), and region 3 (Gly141), respectively. Thus, acylation of Ldt Bs induced conformational dynamics in the millisecond regime in the vicinity of the catalytic cysteine.
Exploring Motional Timescales for Different Covalent Adducts
In order to investigate the basis for increased dynamics upon acylation of Ldt Bs by imipenem, 2-nitro-5-thiobenzoate (TNB) was covalently linked to the enzyme through a disulfide bond, following reaction of the lone catalytic cysteine with 5-5 0 -dithio-bis-(2-nitrobenzoic acid) (DTNB). The rationale for this study was to compare the impact of covalent modifications on the catalytic cysteine by two structurally unrelated groups, imipenem (through a thioester linkage) and TNB (through a disulfide linkage). For this purpose, the 13 C, 15 N-Ldt Bs disulfide derivative was prepared and a [ 1 H, 15 N]-HSQC spectrum was recorded and compared to those of the apoenzyme and of the acylenzyme obtained with imipenem ( Figure S5A ). After backbone amide resonance assignments through conventional 3D experiments, a set of residues was identified that showed significant signal intensity decrease ( Figure 7A ). Strikingly, this set of residues was almost identical to that affected by the acylation of Ldt Bs by imipenem. However, comparison of the two adducts revealed differences in the type of modifications in the [ 1 H, 15 N]-HSQC spectra. Whereas several residues were undetectable in the imipenem adduct, only a minority of these residues were missing in the disulfide adduct, although a significant signal intensity decrease was detected for most of them. Flexibility of these residues was investigated by recording 15 N relaxation NMR experiments on the TNB adduct. Similar overall relaxation parameters were observed for the three forms of the enzyme except for regions 1, 2, and 3 (Table S1 ). In comparison to the apoenzyme, formation of the disulfide bridge induced increase in R 2 relaxation rate constants (R 2,ex ) for residues 86, 88, 91, 93, 95, and 96 in region 1, 121, and 123 in region 2, and 137, 138, 141, 143, 144, 145, and 146 in region 3. Relaxation-dispersion experiments recorded for the TNB adduct revealed conformational exchange in the micro-to millisecond regime for those residues ( Figure 7C and Figure S6 ). Two-site exchange fitting procedures of R 2,ex gave exchange rate constants (k ex ) of 6.1 ± 1.4, 7.0 ± 3.0, and 6.3 ± 1.8 ms À1 for regions 1 (Val86, Lys88, Thr91, and Thr93), 2 (Tyr123), and 3 (Val138, Gly141, Arg144, and Met145), respectively. Together these results show that covalent modification of the active site cysteine of Ldt Bs by formation of a disulfide bond with TNB or by acylation with imipenem-induced conformational flexibility in the same regions of the protein. The exchange rates were approximately three times faster for the TNB adduct than for the acylenzyme. Imipenem induced larger conformational exchange effects than TNB as shown for representative residues in Figure 7C . As outlined for residue Phe111 in this figure, exchange was not detected outside from the flexible regions for any of the three forms of the enzyme. For residues located near the border of the flexible regions, exchange was detected in the acylenzyme but not in the apo form or in the TNB adduct (e.g., residue His126). In the core of the flexible regions, certain residues displayed a higher exchange rate in the acylenzyme than in the TNB adduct (Gly141). Other residues showed a high relaxation rate in the TNB adduct, whereas a greater relaxation rate may account for the absence of resonance in the acylenzyme (Thr91). Thus, modifications of Ldt Bs induced by imipenem and TNB involved an increase in the dynamics of the protein at a millisecond timescale that affected the same regions located in the vicinity of the catalytic residue.
DISCUSSION
Structural data on L,D-transpeptidases are limited to two reports of crystal structures despite the relevance of this unique family of peptidoglycan polymerases as targets for the development of new drugs active in the treatment of multidrug resistant tuberculosis (Gupta et al., 2010; Hugonnet et al., 2009; Lavollay et al., 2008) . The X-ray structure (Figures 2 and 4C ) of the B. subtilis enzyme, Ldt Bs , has generated limited understanding of the active site since the conformations of the catalytic Cys142 and the loop connecting strands b6 and b7 were altered by the arti- Superposition of the 10 lowest energy structures is shown for Ldt Bs (A) and for the acylenzyme (B). For the acylenzyme, the orientation of Cys142 bound to imipenem (in green sticks) is only depicted for the lowest-energy structure and does not take into account the unrestricted conformational sampling of this modified residue. Lower panels allow comparison of the lowest energy structure of apoenzyme (C) and acylenzyme (D) active sites. See also Figure S5 .
factual presence of cadmium and sulfate ions (Bielnicki et al., 2006) . Here, we solved the NMR structure of the apo form of the enzyme ( Figure 2 ) and showed that residues Cys142, His126, and Gly127 form a catalytic triad (Figure 4C) . Acylation of Ldt Bs by imipenem induced important structural and dynamic rearrangements that may account for previous unsuccessful attempts to solve the crystal structure of covalent adducts.
The hydrogen-bond network of the triad remained stable from pH 3.6 to 10.0 implying pKa values below 3.1 and above 10.5 for His126 and Cys142, respectively. Since the enzyme fraction presenting an imidazolium-thiolate ion pair is estimated to be less than 0.02% (10 ÀDpKa/2 ), a proton shuttle mechanism similar to that of classic Ser-His-Asp serine proteases is proposed (Figure 4D ; Harris and Turner, 2002) . According to this mechanism, His126 captures the Sg proton of Cys142 to generate the nucleophilic thiolate that attacks the carbonyl carbon of the b-lactam ring. In the next step, His126 may release its acidic proton to the nitrogen of the b-lactam ring in agreement with the exclusive presence of the neutral Nd1-H tautomer in the acylenzyme. Ldt Bs differs from most cysteine peptidases (Harris and Turner, 2002) by the absence of an imidazolium-thiolate ion pair in the apo form of the enzyme. The lack of a preexisting thiolate may not imply a profound difference in the catalytic mechanism since recent studies in the papaïn-like protein family C1 and sortases suggest that a neutral imidazole-thiol pair forms upon ligand binding (Connolly et al., 2003; Schneck et al., 2008; Shokhen et al., 2011) . Since peptidoglycan polymerization occurs in the periplasm, the cytoplasmic membrane does not protect L,D-transpeptidases from environmental oxidizing agents. Thus, the absence of Cys142 activation as a thiolate in the absence of substrate may be physiologically significant for this family of peptidoglycan polymerases.
NMR has been successfully applied to molecular systems with significant intrinsic mobility, and NMR relaxation tools have been developed in order to explore conformational dynamics over a wide range of timescales (Mittermaier and Kay, 2009 ). These methods have profoundly changed our view on the role of flexibility in molecular recognition processes (Baldwin and Kay, 2009 ). In the case of Ldt Bs , several models need to be considered in order to understand the large structural rearrangement and conformational exchange processes induced by acylation. The lock-and-key model can be excluded since it does not take into account conformational changes. The ''induced fit'' model (Koshland, 1958) proposes that drug binding drives the protein toward a new state. In the ''selected fit'' model, a weakly populated ligand-free conformation is selected upon drug binding with a subsequent population shift toward the corresponding conformers (Frauenfelder et al., 1991; Hammes et al., 2009; Tsai et al., 1999) . As discussed below, neither model fully accounts for the structure and dynamics of the different forms of Ldt Bs .
Several lines of evidence indicate that the ''selected fit'' model does not apply to the interaction of Ldt Bs with b-lactams. First, the relaxation dispersion data recorded on the apoenzyme failed to reveal any preexisting conformational exchange in the millisecond timescale. Second, acylation of Ldt Bs by imipenem did not result in stabilization of a weakly populated conformation that might have remained undetected. Instead, acylation of Ldt Bs by imipenem induced backbone flexibility in the vicinity of the binding site, as established by relaxation-dispersion measurements (Figure 7) . Third, noncovalent binding of imipenem to Ldt Bs C142A did not reveal any conformational exchange. Instead, NMR chemical-shift perturbations indicated a fast exchange regime, and residues affected by drug binding were located at the surface of the protein, close to position 142. In contrast to Ldt Bs , a ''selected fit'' model is supported by structural analyses of classical D,D-transpeptidases, as, for example, in PBP1b from Streptococcus pneumoniae, which (B) The three regions mostly affected by imipenem and TNB binding are colored in orange on the structure of Ldt Bs acylenzyme and are located in the vicinity of the imipenem-bound Cys142 (shown as green sticks in the conformation of the lowest energy structure).
(C) Relaxation-dispersion R 2,ex contributions as a function of CPMG repetition frequencies (n CPMG ) for representative residues of the three regions (Thr91 for region 1, His126 for region 2, and Gly141 for region 3) and for a residue external to these regions (Phe111). For each of these residues, experimental data points are shown for native Ldt Bs (-), for the acylated enzyme (:), and for the TNB adduct (O). Solid lines represent fits with a simple two-site model of R 2,ex as a function of n CPMG . Dashed lines represent the expected behavior in the absence of conformational exchange. In the apo form of Ldt Bs , none of the residues showed exchange contribution. In the acylenzyme, exchange is only detected in regions 1 to 3 and strong exchange contributions are likely to account for missing resonances (e.g., Thr91). R 2,ex contributions for the TNB adduct occur in the same regions, but with smaller magnitude. In (A) and (C), error bars represent absolute propagated uncertainties calculated using partial derivatives and peak height errors estimated using NMRPipe peak analysis routines (Delaglio et al., 1995) . See also Figure S6 and Table S1 .
has been crystallized in the apoenzyme form and as covalent adducts resulting from acylation of the catalytic serine by b-lactams (Lovering et al., 2006; Macheboeuf et al., 2005) and peptidoglycan precursors (Macheboeuf et al., 2008) . Since these structures suggest that ''closed'' and ''open'' conformations of S. pneumoniae PBP1b could coexist in solution, a ''selected fit'' model appears to apply to the conformational modification observed upon acylation and could be the basis for the proposed activation of PBP1b upon recognition of the substrate. Thus, Ldt Bs appears to be radically different from PBP1b, both because the catalytic cysteine is easily accessible and, as stated above, b-lactam binding is not associated with stabilization of any preexisting conformation.
Since the selected fit model does not apply to Ldt Bs , conformational variations in the three forms of the enzymes should be considered in the framework of the induced fit model, as, for example, in PBP2a from methicillin-resistant Staphylococcus aureus (Lim and Strynadka, 2002) . Since the acylenzyme obtained with imipenem existed as multiple conformers in rapid exchange (rate constant $2 ms À1 ), the energy landscape for this form of the protein appeared to be flat. Flexibility is also observed for the catalytic cysteine, indicating the absence of any preferential orientation of the drug and of any enthalpically stabilized drug-protein interactions. Covalent binding of TNB to Cys142 induced qualitatively similar perturbations in the same three regions of the protein (Figure 7 ) despite the lack of structural similarity between TNB and imipenem. Thus, the role of the free sulfhydryl group in stabilizing the conformation of the native enzyme is worth examining. It could, for example, be argued that the Sg-Hg-Nε2 hydrogen interaction between Cys142 and His126 ( Figure 4C ) is essential to maintain the conformation of the apo form of the enzyme. This would account for the fact that disruption of the hydrogen interaction by formation of thioester or disulfide bonds with dissimilar ligands have similar effects. This explanation was ruled out since the C142A substitution had essentially no impact on the conformation of the apoenzyme. Alternatively, steric hindrance could be the driving force for increased protein flexibility since this would account for the different behaviors of the Ldt Bs C142A mutant and the adducts. However, as stated above, the catalytic Cys142 is freely accessible in the acylenzyme, and the imipenem-bound cysteine can be modeled at the surface in many different orientations without steric conflict ( Figure 6D ).
L,D-transpeptidases are highly specific for carbapenems as these enzymes are rapidly acylated by this class of b-lactams  Figure 1D ) but not by penicillins, such as ampicillin. To investigate the basis for this specificity, NMR chemical-shift perturbations were performed for noncovalent adducts containing Ldt Bs and ampicillin, or Ldt Bs C142A and imipenem ( Figure S3 ). In both cases, the complex and the apoenzyme were in rapid equilibrium, the same residues were affected by drug binding, and increased flexibility was not observed upon ligand binding. These results confirm that increased flexibility requires covalent modification of Cys142 since conformational changes are not induced by the presence of b-lactams in the active site in the absence of acylation. Since ampicillin and imipenem interacted with Ldt Bs with similar low affinities ( Figure S4A ), the specificity of the enzyme for carbapenems is merely determined by the chemical step of the reaction, probably at the activation step of Cys142 by the drug. Analyses of the chemical step of the reaction by quantum chemistry will therefore be required to understand the basis of L,D-transpeptidase specificity for carbapenems.
EXPERIMENTAL PROCEDURES Plasmids and Proteins
Details of cloning and of protein production, modification, and purification are described in Supplemental Experimental Procedures.
NMR Spectroscopy
Unless otherwise noted, NMR samples were prepared in 12.5 mM MES and 150 mM NaCl buffer at pH 6.5 with 10% D 2 O. Data for structure determination were collected on 0.7 mM 13 C, 15 N-labeled protein samples using conventional approaches (Sattler et al., 1999) on Bruker and Agilent spectrometers operating at 600, 800, and 900 MHz proton frequencies, as described in Supplemental Experimental Procedures. NMR data were processed with NMRPipe (Delaglio et al., 1995) and analyzed using the CcpNmr Analysis routines of CCPN (Vranken et al., 2005) .
Structural Restraints
Secondary structure elements were identified by analysis of 13 C secondary chemical shifts and phi/psi dihedral angular restraints were derived with TALOS+ (Shen et al., 2009 ). Distance restraints from 3D 13 C-methyl-selective-NOESY experiments (Van Melckebeke et al., 2004) and from a 2D homonuclear [ 1 H, 1 H]-NOESY were manually assigned and extracted from peak volumes measured in CcpNmr. The automatic peak-picking and NOE assignment of the 13 C-and 15 N-NOESY-HSQC spectra were performed using the iterative procedure of UNIO'10 version 2.0.1, based on the CYANA/ATNOS/ CANDID suite of programs (Herrmann et al., 2002) . RDCs were analyzed as detailed in Supplemental Experimental Procedures.
Structure Calculation and Refinement ARIA 2.3 (Rieping et al., 2007) was run with eight iterations including 100 structures per iteration, with the exception of the last cycle run with 1,000 structures. The 20 structures with lowest energy were subsequently refined with crystallography and NMR system (CNS) (Brü nger et al., 1998) using explicit solvent in a molecular dynamics simulation. CNS and PROCHECK-NMR were used for analysis of the structural ensembles and quality assessment of the structural data. For the acylenzyme, the covalent binding of imipenem was explicitly introduced in the structure calculation using a modified cys-residue created with PRODRG (Schü ttelkopf and van Aalten, 2004) . The Ramachandran plot showed 83.5% of the residues in most favored regions, 15.3% and 1.2% in additional allowed and generously allowed regions, and 0.0% in disallowed regions for Ldt Bs . For the acylenzyme, residues were located at 78.1% in most favored regions, 18.3% and 2.0% in additional allowed and generously allowed regions, and 1.6% in disallowed regions. Structures were visualized and figures prepared with PyMOL Molecular Graphics System, Version 1.3, Schrö dinger, LLC.
NMR Titrations
Increasing molar ratios of imipenem and ampicillin (up to 300 and 1,000 equivalents, respectively) were added to $150 mM solutions of relaxation rates and steady-state heteronuclear { 1 H}-15 N-NOE were collected at 600 MHz proton frequency and 298 K on the apo form, the acylenzyme and the TNB adduct of Ldt Bs . The CPMG repetition rate used to collect 15 N R 2 relaxation data was set to 400 Hz. Resonances were automatically picked and fitted simultaneously on all spectra using the NlinLS procedure in NMRPipe (Delaglio et al., 1995) . Peak intensities were then fitted using a Monte-Carlo algorithm with a monoexponential decay model. The hetNOE ratio was determined directly after fitting of the resonances and extraction of the intensities in each spectrum. Rotational correlation times (10.0, 10.4, and 11.1 ns for Ldt Bs , Ldt Bs -TNB, and Ldt Bs -imipenem, respectively) were obtained from a Lipari-Szabo model-free analysis conducted under TENSOR2 (Dosset et al., 2000) after exclusion of residues with hetNOE values lower than 0.65, or with R 1 or R 2 values exceeding one standard deviation from the mean.
Relaxation-Dispersion
On each of the Ldt Bs samples (apo form, acylenzyme and TNB adduct) a series of BEST-modified (Lescop et al., 2010 ) CPMG experiments (Wang et al., 2001 ) was recorded at 600 MHz proton frequency and 298 K with a constant relaxation delay T relax = 40 ms and a number of 15 N-CPMG p pulses varying from 4 to 80. For each backbone amide exchange contribution on the 15 N transverse relaxation correlation, R 2,ex , as a function of n CPMG was calculated as:
where I ref is the peak intensity in the spectrum collected with n CPMG = 1,000 Hz and I(n CPMG ) is the peak intensity for a particular CPMG frequency. Residues with R 2,ex values greater than 3 s À1 for low n CPMG frequencies were classified as exhibiting significant exchange and localized in three clearly identified regions of the imipenem and TNB Ldt Bs adducts. For these residues the R 2,ex dependence as a function of n CPMG was least-square fitted in the frame of a two-site exchange model (Palmer, 2004) : 
where k ex is the exchange rate constant between the two sites, 4 ex is a perresidue adjustable parameter that relates to the population of each site and the difference in the NMR spectral properties of the two sites, and t 180 is the duration of the 15 N p pulse in the NMR experiment. As residues from the same region showed similar exchange rates, the final fits were performed with a single k ex value per region.
ACCESSION NUMBERS
Coordinates of twenty structures of the apo and acylated forms of Ldt Bs have been deposited in the Protein Data Bank under the accession codes 3ZQD and 4A52. Chemical shifts, residual dipolar couplings, and relaxation data have been deposited in the BioMagResBank under accession numbers 17701 and 18037.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.str.2012.03.015.
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